INTRODUCTION
============

Stress urinary incontinence (SUI) is the most common type of urinary incontinence. It causes the loss of small amounts of urine by coughing, laughing, sneezing, exercising, and other movements that increase intra-abdominal pressure and thus elevate pressure on the bladder. It is also associated with poor self-rated health, impaired quality of life, social isolation, and depressive symptoms \[[@B1]\]. Although the causes of SUI are multifactorial and the exact mechanisms of SUI are poorly understood, anatomical changes in urethral support and dysfunction of the intrinsic urethral sphincter partly contribute to involuntary urine loss during activities that cause abdominal straining \[[@B2]\].

The ability of the lower urinary tract system to store and eliminate urine is controlled by a complex system of neural pathways in the central nervous system (CNS) and peripheral nervous system (PNS). Neuroanatomical tracing studies have indicated that the bladder and external urethral sphincter are innervated directly or indirectly from many CNS regions, including the pontine micturition center (PMC), locus coeruleus, hypothalamus, preoptic area, and spinal cord \[[@B3]\]. The PMC plays an important role in the control of urinary bladder function. The PMC is known as the supraspinal switching center, which regulates the storage and elimination of urine \[[@B4]\]. The PMC is densely innervated by the medial preoptic nucleus (MPA) \[[@B5]\]. Two regions that maintain direct projections to the PMC are the periaqueductal gray matter (PAG) and the MPA of the hypothalamus \[[@B6]\]. The PAG-PMC projection is thought to take part in the micturition reflex. Neurons in the PAG regulate the micturition reflex in both animals and humans, because lesions in the PAG cause severe urinary dysfunction \[[@B7],[@B8]\].

Nerve growth factor (NGF) is one of the neurotrophic factors needed for the maintenance of neuronal survival. NGF is produced by urothelium and smooth muscle cells \[[@B9]\]. Clinical and experimental data have indicated a direct relation of increased levels of NGF in bladder, urethral tissue, and urine with lower urinary tract disorders, such as overactive bladder symptoms, interstitial cystitis, urinary incontinence, and painful inflammatory condition \[[@B10],[@B11]\]. Increased levels of NGF were also observed in the bladder and urethra of patients with sensory urgency and urinary incontinence \[[@B11],[@B12]\].

Many therapeutic interventions, including pharmacologic agents and surgical treatments, have been attempted to cure SUI. However, some of the pharmacologic agents and surgical treatments cause many side effects \[[@B13]\]. Exercise of the pelvic muscle is known to increase muscle strength and to reduce incontinent urine loss. In addition, pelvic muscle exercise strengthens the muscles involved in the closing of the urethra during an increase in intra-abdominal pressure \[[@B14]\].

Water exercise including swimming is a common strategy in physical medicine and rehabilitation \[[@B15]\]. When exercising in water, buoyancy supports the body to reduce the vertical load on the joints, and the resistance created by the water requires subjects to exert greater force than when moving in air \[[@B16]\]. It was reported that water exercise improves pelvic muscle functions \[[@B17]\]; however, the effectiveness of water exercise for the relief of SUI symptoms and the underlying mechanisms of this effect are still unknown.

In the present study, we investigated the effects of swimming on SUI in relation to the expression of NGF in rats. We performed urodynamic testing to determine the abdominal leak point pressure and immunohistochemistry of NGF expression in the neuronal voiding centers (MPA, vlPAG, PMC, and spinal cord; L4-L5) and urethra following transabdominal urethrolysis in rats.

MATERIALS AND METHODS
=====================

Animals
-------

Adult female Sprague-Dawley rats weighing 240±5 g (9 weeks old) were obtained from a commercial breeder (Orient Co., Seoul, Korea) for the experiment. The experimental procedures were performed in accordance with the animal care guidelines of the National Institutes of Health and the Korean Academy of Medical Sciences. The animals were housed under controlled temperature (23±2℃) and lighting (12 hours of light: 0800-2000 hours) conditions and were supplied with food and water ad libitum before and after the surgery. The rats were randomly divided into three groups (n=6 in each group): the sham-operation group, the transabdominal urethrolysis-induced group, and the transabdominal urethrolysis-induced and swimming group.

Surgical Induction of SUI
-------------------------

To induce SUI, transabdominal urethrolysis was performed as previously described \[[@B2]\]. The rats were anesthetized with Zoletil 50 anesthesia (10 mg/kg, i.p.; Virbac Laboratories, Carros, France). After an abdominal incision was made, the bladder and the urethra were detached from surrounding tissues and nerves, and the urethra was detached from the anterior pubic bone. A cotton-tip swab was put into the vagina to aid with the dissection. In the sham operation group, an abdominal incision was made, but the urethra was not detached.

Swimming Protocol
-----------------

The swimming exercise was performed according to the manufacturer\'s protocol \[[@B18]\]. The rats in the swimming group were forced to swim for 30 minutes once daily starting 2 weeks after SUI induction and continuing for 4 weeks. The rats individually swam in a cylindrical tank with a diameter of 30 cm and a height of 85 cm. The cylindrical tank was filled with water at 33±1℃ to a depth of 75 cm.

Determination of Abdominal Leak Point Pressure
----------------------------------------------

At 6 weeks after surgery, the abdominal leak point pressure was measured to assess urethral resistance according to a previously described method \[[@B19]\]. The rats were anesthetized with Zoletil 50 anesthesia (10 mg/kg, i.p.). All rats underwent T11 spinal cord transection to eliminate spontaneous bladder activity. After the abdominal incision was made, we inserted an intravesical catheter connected to a pressure transducer (Harvard Apparatus Inc., Holliston, MA, USA) in the dome of the bladder. We measured the abdominal leak point pressure by using a Labscribe (iWork System Inc., Dover, NH, USA).

All rats were mounted on a tilt table in a vertical position. Saline at room temperature was infused through the catheter and the maximal bladder capacity was determined when the first drop of urine appeared at the urethral meatus. The bladder was manually emptied by squeezing and was then filled to one-third capacity with saline. Then, the abdominal leak point pressure was determined as the peak bladder pressure inducing leakage of urine at the urethral meatus by use of manual abdominal compression. In this way, the abdominal leak point pressure was determined 10 times for each rat.

Tissues Preparations
--------------------

The rats were sacrificed immediately after the measurement of abdominal leak point pressure. For the histological examination, urethral and bladder tissues were carefully dissected. The urethral tissues were fixed in optimal cutting temperature compound (Sakura Finetek Japan Co., Tokyo, Japan) and quickly frozen at -70℃ until analysis. Coronal sections of 10 µm in thickness were made with a freezing microtome (Leica Biosystems Nussloch GmbH, Nussloch, Germany).

After tissues preparation of the urethral samples, the rats were transcardially perfused with 50 mM phosphate-buffered saline, followed by 4% paraformaldehyde in 100 mM sodium phosphate buffer at pH 7.4. The brain was removed, postfixed in the same fixative overnight, and transferred into a 30% sucrose solution for cryoprotection. Serial coronal sections 40 µm thick were made with a freezing microtome. PMC was selected from the region spanning from Bregma -9.68 to -9.80 mm. vlPAG was selected from the region spanning from Bregma -7.64 to -8.00 mm, MPA was selected from the region spanning from Bregma -0.26 to 0.80 mm, and spinal cord was selected from the region spanning from L4-L5. Ten sections on average in each region were collected from each rat.

NGF Immunohistochemistry
------------------------

Free-floating tissue sections were incubated overnight with mouse anti-NGF antibody (1:500; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and then with biotinylated mouse secondary antibody (1:200; Vector Laboratories Inc., Burlingame, CA, USA) for another 1 hour. The secondary antibody was amplified with the Vector Elite ABC kit (1:100; Vector Laboratories). Antibody-biotin-avidin-peroxidase complexes were visualized by use of 0.03% diaminobenzidine, and the sections were mounted onto gelatin-coated slides. The slides were air-dried overnight at room temperature, and coverslips were mounted with Permount.

Data Analysis
-------------

To assess NGF expression in the neuronal voiding centers (MPA, vlPAG, PMC, and spinal cord L4-L5) and urethra, cell counting was performed by using the Image-Pro Plus computer-assisted image analysis system (Media Cybernetics Inc., Bethesda, MD, USA) attached to a light microscope (Olympus, Tokyo, Japan). The numbers of NGF-positive neurons were counted hemilaterally. Statistical analysis was performed by using one-way analysis of variance followed by Duncan\'s post-hoc test, and the results are expressed as the mean±standard error of the mean. Significance was set as P\<0.05.

RESULTS
=======

Effect of Swimming Exercise on Abdominal Leak Point Pressure
------------------------------------------------------------

The abdominal leak point pressure is presented in [Fig. 1](#F1){ref-type="fig"}. The abdominal leak point pressure was 45.29±0.88 cmH~2~O in the sham-operation group, 15.75±0.76 cmH~2~O in the transabdominal urethrolysis-induced group, and 34.07±1.44 cmH~2~O in the transabdominal urethrolysis-induced and swimming group.

These results showed that induction of SUI by transabdominal urethrolysis decreased the abdominal leak point pressure compared with that in the sham-operation group (P\<0.05), whereas swimming increased the abdominal leak point pressure (P\<0.05).

Effect of Swimming on the Expression of NGF in the Urethra
----------------------------------------------------------

Photomicrographs of NGF-positive cells in the urethra are presented in [Fig. 2](#F2){ref-type="fig"}. The number of NGF-positive cells was 9.46±1.77/mm^2^ in the sham-operation group, 33.07±6.43/mm^2^ in the transabdominal urethrolysis-induced group, and 23.78±4.63/mm^2^ in the transabdominal urethrolysis-induced and swimming group.

These results showed that induction of SUI by transabdominal urethrolysis increased the NGF expression in the urethra compared with that in the sham-operation group (P\<0.05), whereas swimming suppressed the NGF expression in the urethra (P\<0.05).

Effect of Swimming on the Expression of NGF in the MPA
------------------------------------------------------

Photomicrographs of NGF-positive cells in the MPA are presented in [Fig. 3](#F3){ref-type="fig"}. The number of NGF-positive cells was 45.89±5.91/mm^2^ in the sham-operation group, 221.25±11.41/mm^2^ in the transabdominal urethrolysis-induced group, and 165.00±13.06/mm^2^ in the transabdominal urethrolysis-induced and swimming group.

These results showed that induction of SUI by transabdominal urethrolysis increased the NGF expression in the MPA compared with that in the sham-operation group (P\<0.05), whereas swimming exercise suppressed the NGF expression in the MPA (P\<0.05).

Effect of Swimming on the Expression of NGF in the vlPAG
--------------------------------------------------------

Photomicrographs of NGF-positive cells in the vlPAG are presented in [Fig. 4](#F4){ref-type="fig"}. The number of NGF-positive cells was 111.35±15.27/mm^2^ in the sham-operation group, 579.61±37.17/mm^2^ in the transabdominal urethrolysis-induced group, and 372.40±29.63/mm^2^ in the transabdominal urethrolysis-induced and swimming group.

These results showed that induction of SUI by transabdominal urethrolysis increased the NGF expression in the vlPAG compared with that in the sham-operation group (P\<0.05), whereas swimming suppressed the NGF expression in the vlPAG (P\<0.05).

Effect of Swimming on the Expression of NGF in the PMC
------------------------------------------------------

Photomicrographs of NGF-positive cells in the PMC are presented in [Fig. 5](#F5){ref-type="fig"}. The number of NGF-positive cells was 49.75±4.85/mm^2^ in the sham-operation group, 187.31±17.72/mm^2^ in the transabdominal urethrolysis-induced group, and 132.15±17.01/mm^2^ in the transabdominal urethrolysis-induced and swimming group.

These results showed that induction of SUI by transabdominal urethrolysis increased the NGF expression in the PMC compared with that in the sham-operation group (P\<0.05), whereas swimming suppressed the NGF expression in the PMC (P\<0.05).

Effect of Swimming Exercise on the Expression of NGF in the Spinal Cord (L4-L5)
-------------------------------------------------------------------------------

Photomicrographs of NGF-positive cells in the spinal cord are presented in [Fig. 6](#F6){ref-type="fig"}. The number of NGF-positive cells was 26.35±4.60/mm^2^ in the sham-operation group, 71.30±11.85/mm^2^ in the transabdominal urethrolysis-induced group, and 50.89±7.89/mm^2^ in the transabdominal urethrolysis-induced and swimming group.

These results showed that induction of SUI by transabdominal urethrolysis increased the NGF expression in the spinal cord compared with that in the sham-operation group (P\<0.05), whereas swimming suppressed the NGF expression in the spinal cord (P\<0.05).

DISCUSSION
==========

Various animal models of SUI, such as inducing birth trauma by intravaginal balloon inflation and pudendal nerve crush, have been developed and used to evaluate the impact of experimental interventions for the treatment of SUI. However, these animal models are limited because of the low rate of incontinence, the difficulty of reproducibility, the high rate of bladder dysfunction, and the relatively short durability. On the other hand, transabdominal urethrolysis is a reliable and long-lasting method for inducing SUI compared with the existing models of SUI \[[@B2]\]. In addition to the induced structural changes, decreased urethral smooth muscle content, increased apoptosis, and a time-dependent loss of neuronal content are observed with the transabdominal urethrolysis method \[[@B2]\]. In the present study, we measured the abdominal leak point pressure after transabdominal urethrolysis to confirm the induction of SUI.

The determination of abdominal leak point pressure is a useful surrogate for measuring the degree of sphincter insufficiency. Leak point pressure has been used as the candidate for the severity of incontinence, as a guideline for therapy, and in the evaluation of treatment outcomes \[[@B20],[@B21]\]. The reflex activity of the bladder to the urethra contributes to the maintenance of a high leak point pressure during abdominal compression, and it increases passive intravesical pressure \[[@B22]\]. Abdominal leak point pressure has been measured in studies of SUI, and decreased abdominal leak point pressure is observed after the induction of SUI \[[@B20],[@B23],[@B24]\]. In the present study, the transabdominal urethrolysis procedure resulted in a decrease in abdominal leak point pressure. These results represent that transabdominal urethrolysis induced SUI in rats.

NGF content is elevated in the urine of patients with interstitial cystitis and with painful bladder contraction \[[@B25]\]. Overexpression of NGF in the bladder and urethra is associated with modulation disability of micturition in urinary incontinence patients \[[@B26],[@B27]\]. Biochemical studies have suggested that NGF mediates afferent bladder neuronal plasticity after partial urethral obstruction in female rats \[[@B26],[@B28]\]. Increased NGF levels in the bladder or bladder-afferent pathways may induce overactive bladder symptoms, incontinence, and c-fiber afferent hyperexcitability \[[@B9],[@B29]\]. In the present study, transabdominal urethrolysis enhanced NGF expression in the urethra. These results show that transabdominal urethrolysis induced SUI with an increase in NGF expression in the urethra.

These changes in the bladder and urethra might stimulate the micturition-related brain area. Activation of PMC neurons initiates bladder contraction and relaxation of the bladder neck and external urethral sphincter, resulting in micturition \[[@B30]\]. The activated PMC in turn initiates complete synergic micturition responses via the excitation of parasympathetic bladder motor neurons in the sacral part of the spinal cord with the inhibition of the bladder sphincter motor neurons \[[@B6]\]. Thus, overexpression of NGF in the urethra and bladder may change the neuronal voiding centers in the brain.

Our present results showed that the expression of NGF in MPA, vlPAG, PMC, and spinal cord was significantly increased after transabdominal urethrolysis. The present results show that transabdominal urethrolysis increased the expression of NGF in the MPA, vlPAG, PMC, and spinal cord. It can be inferred that loss of supportive tissues or induction of smooth muscle atrophy by transabdominal urethrolysis might strongly stimulate the micturition-related neuronal voiding centers in the brain.

Swimming is a well-known exercise that facilitates recovery from functional loss after various diseases. In particular, swimming improves the disease-related functional decline in muscles, including muscle metabolism, protein synthesis, and mitochondrial biogenesis, in humans and animals \[[@B31]-[@B33]\]. It was reported that induction of neurotrophic factors, such as NGF, initiates changes in gene expression in muscles and brain during swimming adaptation \[[@B34]\]. Thus, it is possible that swimming could inhibit the overexpression of NGF induced by transabdominal urethrolysis.

In this study, we used urodynamic analysis to evaluate the effect of swimming on SUI-induced abdominal leak point pressure. Transabdominal urethrolysis significantly reduced the abdominal leak point pressure, thereby contributing to the induction of SUI. In contrast, abdominal leak point pressure was significantly improved by swimming. The present study showed that swimming alleviated the symptoms of SUI, as represented by the decrease in abdominal leak point pressure. In addition, swimming significantly suppressed the SUI-induced enhancement of NGF expression in the neuronal voiding centers (MPA, vlPAG, PMC, and spinal cord) and urethra. The results of the present study therefore suggest that the ameliorating effect of swimming on SUI might suppress NGF expression.

Strengthening of muscles and tissues by swimming may relieve the symptoms of SUI. One of the underlying mechanisms of the relieving effects of swimming on SUI might be ascribed to the inhibitory effect of swimming on NGF expression. We suggest that swimming is a valuable exercise for the remarkable improvement of SUI.
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![Effect of swimming on abdominal leak point pressure after induction of stress urinary incontinence. Upper: Presentable trace of the abdominal leak point pressure. Lower: The mean abdominal leak point pressure in each group. (A) Sham-operation group, (B) Transabdominal urethrolysis-induced group, (C) Transabdominal urethrolysis-induced and swimming group. The results are presented as the mean±SEM. ^a)^P\<0.05 compared with sham-operation group. ^a)^P\<0.05 compared with transabdominal urethrolysis-induced group.](inj-15-74-g001){#F1}

![Effect of swimming on nerve growth factor (NGF) expression in the urethra. Upper: Photomicrographs of NGF-positive cells in the urethra. The sections were stained for NGF-like immunoreactivity (brown). Arrows indicate NGF-positive cells. The scale bar represents 200 µm. Lower: The mean number of NGF-positive cells in each group. (A) Sham-operation group, (B) Transabdominal urethrolysis-induced group, (C) Transabdominal urethrolysis-induced and swimming group. The results are presented as the mean±SEM. ^a)^P\<0.05 compared with sham-operation group. ^b)^P\<0.05 compared with transabdominal urethrolysis-induced group.](inj-15-74-g002){#F2}

![Effect of swimming on nerve growth factor (NGF) expression in the medial preoptic nucleus (MPA). Upper: Photomicrographs of NGF-positive cells in the MPA. The sections were stained for NGF-like immunoreactivity (brown). The scale bar represents 200 µm. Lower: The mean number of NGF-positive cells in each group. (A) Sham-operation group, (B) Transabdominal urethrolysis-induced group, (C) Transabdominal urethrolysis-induced and swimming group. The results are presented as the mean±SEM. ^a)^P\<0.05 compared with sham-operation group. ^b)^P\<0.05 compared with transabdominal urethrolysis-induced group.](inj-15-74-g003){#F3}

![Effect of swimming on nerve growth factor (NGF) expression in the ventrolateral periaqueductal gray matter (vlPAG). Upper: Photomicrographs of NGF-positive cells in the vlPAG. The sections were stained for NGF-like immunoreactivity (brown). The scale bar represents 200 µm. Lower: The mean number of NGF in each group. (A) Sham-operation group, (B) Transabdominal urethrolysis-induced group, (C) Transabdominal urethrolysis-induced and swimming group. The results are presented as the mean±SEM. ^a)^P\<0.05 compared with sham-operation group. ^b)^P\<0.05 compared with transabdominal urethrolysis-induced group.](inj-15-74-g004){#F4}

![Effect of swimming on nerve growth factor (NGF) expression in the pontine micturition center (PMC). Upper: Photomicrographs of NGF-positive cells in the PMC. The sections were stained for NGF-like immunoreactivity (brown). The scale bar represents 200 µm. Lower: The mean number of NGF-positive cells in each group. (A) Sham-operation group, (B) Transabdominal urethrolysis-induced group, (C) Transabdominal urethrolysis-induced and swimming group. The results are presented as the mean±SEM. ^a)^P\<0.05 compared with sham-operation group. ^b)^P\<0.05 compared with transabdominal urethrolysis-induced group.](inj-15-74-g005){#F5}

![Effect of swimming on nerve growth factor (NGF) expression in the spinal cord (L4-L5). Upper: Photomicrographs of NGF-positive cells in the spinal cord. The sections were stained for NGF-like immunoreactivity (brown). The scale bar represents 200 µm. Lower: The mean number of NGF-positive cells in each group. (A) Sham-operation group, (B) Transabdominal urethrolysis-induced group, (C) Transabdominal urethrolysis-induced and swimming group. The results are presented as the mean±SEM. ^a)^P\<0.05 compared with sham-operation group. ^b)^P\<0.05 compared with transabdominal urethrolysis-induced group.](inj-15-74-g006){#F6}
